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Objective  
 The objective of this study was to investigate whether there is a relationship between 
airborne manganese (Mn) exposure and adverse neurobehavioral and health effects among 
adult residents of a manganese-exposed community. Specifically, the current study aimed to 
answer the following questions:  
 

 Is there is a relationship of Mn levels in blood (Mn/B) (internal) or Mn levels in air 
(Mn/air) (external) and neurobehavioral function in adults?  

 
 Does the neurobehavioral function of a group of Mn-exposed adults (Marietta, Oh) differ 

significantly from that of a demographically similar group of minimally exposed adults 
(Mount Vernon, OH)? 
 

Summary/Accomplishments   
 Data collection was conducted in August, 2009. Following a period of data preparation 
(scoring, double-scoring, entry, double-entry, and clean-up), the data analyses performed to 
answer the above questions have resulted in: 

• a feedback meeting with the Ohio Department of Health (ODH) 
• a feedback meeting with the community of Marietta, OH (the exposed town) 
• individualized feedback letters to each study participant 
• numerous presentations to the scientific community (described below) 
• several peer-reviewed publications (described below) 

 
Conclusions  
 Overall, results of this epidemiologic study using random sampling did not support 
findings of adverse health effects from levels of Mn in air and levels of Mn in blood in the town of 
Marietta. This is supported by the lack of differences in neurobehavioral test scores between 
Marietta and Mount Vernon participants. Although proximity to the point source was related to 
worse scores on some tests of visual memory and processing speed, overall the test results for 
both towns did not differ and were within the average range of the general population.  
 
Introduction 
Exposure Background  
 In 2000, the Agency for Toxic Substances and Disease Registry (ATSDR) initiated a 
public health assessment for the Marietta Air Emissions Site (Ohio). Air monitoring in the region 
identified airborne Mn as the main environmental exposure of concern.  
Eramet Marietta, Inc (EMI) is the major historic producer of Mn ferroalloys in the region and is 
one of the largest Mn-manufacturing facilities in the world. Historically, EMI ranks first in total air 
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releases of Mn and Mn compounds among all U.S. facilities reporting to the USEPA Toxic 
Release Inventory (TRI)  (U.S. EPA, 2010). 

The ATSDR has determined that long-term ambient Mn concentrations in the area 
exceed the USEPA reference concentration (RfC = 0.05 μg/m3) and minimal risk level (MRL = 
0.04 μg/m3) (ATSDR, 2009).  

  
Human Exposure to Manganese  
 In the occupational health literature there are many reports of workers exposed to Mn 
with adverse health effects.  Miners and chemical workers who are over-exposed to Mn, a major 
component in iron/steel welding fumes, are known to be at risk for developing a pattern of signs 
and symptoms showing a decline in psychiatric health and cognitive ability and a movement 
disorder similar to Parkinson’s disease (PD) (i.e. a disturbance of gait, loss of balance, and 
dystonia, bradykinesia, tremor) (Bowler et al., 2007). 

Environmental studies of airborne Mn have been relatively rare and results of a select 
few studies have been published. This is the 1st comprehensive environmental study of Mn-
exposed adults in the U.S.  
 
Design 
 This study used a cross-sectional control/exposed design of  recruiting up to 100 Mn-
exposed and 100 control (low-exposed) adults between the ages of 30-75 years. The study 
includes data on air monitoring and modeling, biomarkers, health, and neuropsychological and 
neurological assessments of participants from both groups.  
 
Recruitment procedure 

Participants were randomly selected using property tax records, from the Mn-exposed 
town of Marietta, and the low-exposed comparison town of Mount Vernon (OH).  Recruitment 
letters describing the study were mailed to 1,732 households from Marietta and 2,207 
household from Mount Vernon. A response card, stamped and addressed to the study office, 
was included for the potential participant to complete and return if interested in participating. Of 
the 3,939 letters sent, 308 were undeliverable and returned (160 from Marietta, 148 from Mount. 
Vernon). Response cards indicating interest were received from 207 potential participants (106 
from Marietta and 101 from Mount Vernon). Researchers also attempted to contact by 
telephone all potential participants who were sent letters and did not return the response card 
and asked if they were interested in study participation.  All 509 participants who indicated 
interest in the study (264 from Marietta, 245 from Mount Vernon), either through email, 
response cards, or when called on the telephone, were given a screening questionnaire. In total, 
270 respondents to the random mailings were excluded based on the study’s exclusion criteria, 
or were unable to participate. One-hundred participants from each town were scheduled for 
testing, along with 5 alternates for each town. One-hundred participants from Marietta and 91 
from Mount Vernon were tested. One participant tested in Mount Vernon did not meet the 
inclusion criteria, and was excluded from analyses. Participants were given $50 gift certificates 
for their participation. Following completion of the data analysis phase, feedback letters were 
sent to all participants and a community meeting was held to present group results. Group 
results were also presented at a separate meeting with representatives of the Ohio Department 
of Health.  

 
Testing procedure 
 Dr. Rosemarie Bowler was successful in obtaining the collaboration and participation of 
Dr. Harry Roels (neurotoxicologists and blood sample processing), Dr. Yangho Kim (neurology 
and UPDRS) and Dr. Nadia Abdelouahab (CATSYS). Two neuropsychologists and 6 trained 
graduate students administered the neuropsychological tests. The battery included tests shown 
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to be sensitive to Mn exposure, including measures of Cognitive flexibility (ROCF, Trailmaking 
B), Information Processing (Stroop), Working Memory and Attention (ACT), Memory (NAB 
Memory Module), Visuomotor tracking speed (Digit Symbol Coding), Verbal skills (Similarities, 
Animal Naming), Motor efficiency and strength (Fingertapping, Grooved Pegboard, 
Dynamometer), and tremor (CATSYS, UPDRS). In addition, work histories and health 
questionnaires were administered.  
 
Exposure assessment 
 Blood samples from participants were analyzed at the CDC National Laboratory for 
levels of manganese, cadmium, lead, and mercury. Serum samples were analyzed at U.S. EPA 
NHEERL Core Lab for levels of ferritin – and indicator of iron store in the body 
 Air dispersion modeling was conducted using 2001 emissions information, receptors, 
and meteorological data to calculate estimated Mn concentrations near various residences in 
Marietta. This was used to create a hazard quotient (a ratio of modeled concentrations to the 
Mn reference concentration) and a cumulated exposure index (CEI – the product of modeled 
concentration and duration of residence in Marietta), two ways of estimating a participant’s 
exposure to airborne Mn. 
 
Results 

As is shown in Figures 1 and 2, the large effort of contacting a sufficient number of 
residents in both towns resulted in 100 residents being tested in Marietta and 90 residents in 
Mount Vernon (due to no-shows on the days of testing in Ohio). The participants from the two 
towns were very similar demographically (Bowler et al., 2011). The enclosed Table 1 shows the 
demographics and biomarkers for both Marietta and Mount Vernon and Tables 2 & 3 list the 
means, medians, ranges, and t-test analyses comparing the towns on demographic and 
biomarker variables stratified by gender.  

The extensive and comprehensive health questionnaire was analyzed and Table 4 
displays the symptom categories by town. It can be noted that Marietta residents complained 
more about motor, visual, and anxiety symptoms. The illnesses listed in the health questionnaire 
were categorized using ICD-9 codes and, as can be seen in Table 5, there were no differences 
between the towns on the prevalence of doctor-diagnosed illnesses.                                                        
 As shown in Tables 1-3, levels of Mn in blood, serum ferritin and blood levels of lead, 
mercury, and cadmium were largely in the normal range and did not differ by town (Bowler et 
al., 2011). 

No significant differences between the towns were found for any neurobehavioral tests 
(Table 6), which included tests of motor speed, motor strength and tremor, attention and 
immediate memory, switching categories and divided attention, visual delayed memory, and 
verbal delayed memory.  Scores in both towns were within the average range. 
 Although there was not a consistent relationship between levels of Mn in blood and 
neurobehavioral performance (in either town), higher exposure to Mn in the air (hazard quotient 
and CEI) was related to worse performance on some tests, particularly tests of executive 
functions. 
 No significant differences were found between the towns on mood disturbance, except 
for levels of phobic anxiety being higher in Marietta (Figure 3) (Bowler et al., 2011). Overall, 
there was not a consistent relationship between levels of Mn in blood and mood, although 
higher hazard quotients were related to higher phobic anxiety and higher CEI was related to 
higher obsessive-compulsive, anxiety, phobic anxiety, and paranoid ideation symptoms. Using a 
composite score to indicate generalized anxiety, higher CEI was related to higher generalized 
anxiety (Bowler et al., 2011). This composite anxiety score was also related to neurological 
outcomes on the UPDRS. 
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 Although there were no significant differences between participants of the two towns in 
the prevalence of illnesses categorized into ICD-9 categories (Table 5), some individual 
symptoms were reported significantly more frequently in Marietta: changes in sense of smell or 
taste, headaches overall, headaches in the presence of gas, headaches in the presence of 
paint, tightness of facial muscles, feeling anxious, feeling irritable, changes in personality, 
excessive perspiration, fever or chills, and nausea.  
 Mn in blood was related to more frequent endocrine and psychological illness in 
Marietta. The hazard quotient was related to excessive perspiration but showed no consistent 
relationships with illnesses or other symptoms. The CEI did not show consistent relationships 
with illnesses or symptoms. 
 On a neurological examination, the UPDRS, Marietta participants had slower movement 
and motor speed than Mount Vernon participants. No relationship between exposure variables 
were found with UPDRS scores (Kim et al., 2011). 
 As shown above in Table 7, there was no difference in dietary Mn intake between the 
two towns, and Mn in diet was not related to Mn in blood or to any outcome variables. 
 Additional funding through a contract with U.S. EPA has been obtained to collect data 
from an additional town that has had historically very high levels of air Mn concentrations. We 
will use the data obtained from this grant (Marietta and Mount Vernon, OH) to compare data 
collected from this third town. 
 
   
Key Research Accomplishments 
1. A symposium was presented at the 26th International Neurotoxicology Conference, June 8th, 

2010 in Portland, OR including the following presentations prepared with data from the 
study: 
 
Methodological aspects of an epidemiologic study of adults living near a Mn point 
source, Bowler, R. M., Kim, Y., Ngo, L., Roels, H. A. (Appendix A). 
 
Relationships between mood and neuropsychological performance in adults with 
environmental exposure to manganese, Harris, M., Bowler, R. (Appendix B) 

 
 
2. Dr. Bowler gave an invited presentation to the Marietta community, June 24th, 2010 in 

Marietta, OH, entitled:  

Health Study of Manganese Exposure of Adults in Marietta & Mount Vernon, Ohio: 
Preliminary Results (see Appendix C).  

3. Dr. Bowler gave an invited  presentation to the Ohio Department of Health, June 24th, 2010 
in Columbus, OH, entitled:  

Relationship of residential airborne manganese exposure to neuropsychological, 
neurological and health status of adults (Appendix D). 

4. Dr. Bowler and her colleagues/collaborators presented a symposium at the International 
Neuropsychological Society meeting in Boston, MA on February 5th, 2011, on the 
neuropsychological test results in relation to Mn exposure including the following 
presentations prepared with data from the study: 
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Manganese Exposure in Adults: An Epidemiologic Study of Symptoms, Mood Effects, 
Motor and Neurological Function, Bowler, R. (Appendix E) 
 
Manganese Exposure and Components of Executive Function in Environmentally-
Exposed Adults, Harris, M., Bowler, R. (Appendix F). 
 

5. Dr. Bowler gave an invited presentation on the overall results of the Marietta study at the 
13th Meeting of the International Neurotoxicology Association, June 5th – 10, 2011, Xian, 
China. Highlights were the neurotoxicological aspects of the study:  

Relationship of airborne manganese exposure to biomarkers of blood and serum 
controlled for ferritin with neurological and neuropsychological test results in adults, 
Bowler, R. (Appendix G) 

6. Dr. Bowler supervised a doctoral dissertation reporting data from the Marietta/Mount Vernon 
study: 
 
Harris, M. (2011) Manganese Neurotoxicity: Relationships Between Exposure, 
Executive Function, and Mood Among Environmentally-Exposed Adults. Dissertation 
Abstracts International (Appendix H) 
 
 

7. A peer-reviewed manuscript is currently in press:  
 
Bowler, R. et al. (2011, in press) Anxiety affecting parkinsonian outcome and motor 
efficiency in adults of an Ohio community with environmental airborne manganese 
exposure. International Journal of Hygiene and Environmental Health. (Appendix I) 
 
 

8. A peer-reviewed manuscript has been published: 
 
Kim, Y. et al. (2011) Motor function in adults of an Ohio community with 
environmental manganese exposure. Neurotoxicology, 32 (5): 606-14 (Appendix J) 
 

9. Dr. Bowler and the study team submitted a proposal and subsequently received funding to 
replicate the study in residents near a Mn-processing plant in East Liverpool, OH. Three 
ambient air monitors have collected measurements in this community for the last 10 years. 
This study is currently taking place. The exact same test battery was administered to Mn-
exposed residents of East Liverpool and the same laboratories conducted the analyses of 
biomarkers for East Liverpool.  The Mn exposure in air is reported to be significantly higher 
in East Liverpool than in Marietta; in fact, East Liverpool has the highest measured Mn air 
levels in the U.S., but the Mn particle sizes are somewhat larger than those found in 
Marietta. This difference will be taken into account in the current work when constructing a 
Cumulative Exposure Index. The results will be added to those of the current study, and 
three-way comparisons on participants from the three towns will determine the effects of a 
gradient of exposure and if there are significant relationships between Mn in air and health 
effects. 
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Tables: 

n Mean (%) SD Median Min Max n Mean (%) SD Median Min Max t-statistic (χ2) sig
Demographics

Age 100 54.42 9.86 55.50 90 55.53 10.96 55.50 32 75 0.74 0.46
Years of Education 100 14.55 2.69 14.00 90 15.18 3.04 14.00 12 22 1.51 0.13
Years in Town 100 36.07 15.75 37.00 90 33.59 17.25 31.00 10 74 -1.04 0.30
Gender (.006) (.939)

Male 45 45% 40 44%
Female 55 55% 50 56%

Current Smokers 20 20% 18 20%
Ethnicity (2.08) (0.56)

African-American 2 2% 2 2.2%
Caucasian 94 94% 87 96.7%
Asian-American 2 2%
Native American 2 2% 1 1.1%

Marital Status (1.656) (0.799)
Single 6 6% 6 7%
Married 81 81% 68 76%
Divorced 11 11% 12 13%
Widowed 1 1% 3 3%
Co-habitating 1 1% 1 1%

Household Income ($ / yr) (6.702) (0.753)
0 - 29,999 26 28.30% 14 16.60%
30,000 - 59,999 28 30.40% 32 38.10%
60,000 - 89,999 19 20.60% 19 22.60%
90,000 and above 19 20.60% 19 22.60%

Work History (6.677) (0.083)
Employed 63 61 67.78%
Unemployed/Retired 31 28 31.11%
Student 0 0 1 1.11%
Disabled 6 0 0

Biomarkers

Blood Mn(μg/L) 100 9.7 3.2 9.2 4.91 24.6 90 9.5 3.2 8.8 3.75 18.90
Natural log of Mn 100 2.22 0.30 2.21 1.59 3.20 90 2.20 0.33 2.17 1.32 2.94 -0.55 0.59
Blood Cd (μg/L) 100 0.53 0.53 0.31 0.14 2.87 90 0.47 0.54 0.30 0.00 4.06 -0.83 0.46
Blood Hg (μg/L) 100 1.38 1.89 0.77 0.23 14.6 90 0.96 1.26 0.66 0.23 9.75 -1.80 0.08
Blood Pb (μg/dL) 100 1.56 0.95 1.30 0.32 5.39 90 1.41 0.95 1.14 0.31 5.96 -1.09 0.28
Serum ferritin (ng/mL) 100 132.18 153.25 76.25 12.20 ##### 90 130.64 111.23 89.95 7.69 #### -0.08 0.94
Natural log of ferritin 100 4.42 0.94 4.33 2.50 6.75 90 4.51 0.91 4.50 2.04 6.32 0.69 0.49

Distance from point source 100 4.75 1.64 4.50 0.99 11.00
Air concentration of Mn 100 0.18 0.13 0.16 0.04 0.96
Hazard Quotient 100 3.69 2.62 3.14 0.77 19.17
CEI 100 6.67 5.90 5.53 0.89 41.22

* Italics  = equal variances not assumed

t-tests
Table 1. Demographics and Biomarkers - Whole sample

Marietta Range Mt. Vernon Range
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n Mean (%) SD Median Range n Mean (%) SD Median Range t-statistic (χ2) sig.
Demographics

Age 45 54.76 10.81 55.00 39 40 55.60 11.17 56.50 41 0.35 0.73
Years of Education 45 14.60 2.62 14.00 13 40 15.93 3.20 16.00 10 2.10 0.04
Years in Town 45 38.44 15.02 37.00 55 40 29.77 17.79 24.00 61 -2.44 0.02
Ethnicity (1.35) (0.51)

African-American 1 2% 2 5.0%
Caucasian 43 95.60% 38 95.0%
Asian-American 1 2% 0 0.0%
Native American 0 0% 0 0.0%

Marital Status (2.44) (0.65)
Single 2 4% 3 8%
Married 37 82% 31 78%
Divorced 5 11% 5 13%
Widowed 1 2% 0 0%
Co-habitating 0 0% 1 3%

Household Income ($ / yr) (4.33) (0.93)
0 - 29,999 11 25% 7 18.40%
30,000 - 59,999 13 29.50% 9 23.70%
60,000 - 89,999 9 20.50% 13 15.80%
90,000 and above 11 25% 9 23.70%

Biomarkers
Blood Mn (μg/L) 45 8.83 1.87 8.55 7.4 40 9.21 3.21 8.46 13.55 0.67 0.51
Natural log of Mn 45 2.16 0.22 2.15 0.90 40 2.17 0.32 2.13 1.29 0.21 0.84
Blood Cd (μg/L) 45 0.50 0.58 0.28 2.73 40 0.43 0.66 0.26 3.92 -0.50 0.62
Blood Hg (μg/L) 45 1.32 2.24 0.74 14.37 40 1.24 1.69 0.79 9.52 -0.18 0.86
Blood Pb (μg/dL) 45 1.85 1.16 1.69 4.97 40 1.58 1.17 1.14 5.39 -1.08 0.29
Serum ferritin (ng/mL) 45 189.62 180.33 129 843.7 40 179.37 131.17 142 546.31 -0.30 0.77

45 4.84 0.95 4.86 4.09 40 4.89 0.88 4.95 4.28 0.21 0.83
Hazard Quotient 45 3.72 2.48 3.32 13.29
CEI 45 6.95 4.93 6.27 31.56

Table 2. Demographics and biomarkers gender comparison between towns (Males)

t-tests

Natural log of Ferritin

MALES
Marietta Mt Vernon
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n Mean (%) SD Median Range n Mean (%) SD Median Range t-statistic (χ2) sig.
Demographics

Age 55 54.15 9.10 56.00 42 50 55.48 10.90 55.00 42 0.68 0.50
Years of Education 55 14.51 2.77 14.00 12 50 14.58 2.79 13.50 10 0.13 0.90
Years in Town 55 34.13 16.20 35.00 51 50 36.64 16.34 34.00 64 0.79 0.43
Ethnicity (2.14) (0.54)

African-American 1 2% 0 0.0%
Caucasian 50 92.60% 49 98.0%
Asian-American 1 2% 0 0.0%
Native American 2 4% 1 2.0%

Marital Status (4.60) (0.33)
Single 4 7% 3 6%
Married 44 80% 37 74%
Divorced 6 11% 7 14%
Widowed 0 0% 3 6%
Co-habitating 1 2% 0 0%

Household Income ($ / yr) (10.15) (0.43)
0 - 29,999 15 31.20% 7 15.20%
30,000 - 59,999 15 31.30% 23 50.00%
60,000 - 89,999 10 20.80% 6 13.10%
90,000 and above 8 16.70% 10 21.70%

Biomarkers
Blood Mn (μg/L) 55 10.33 3.88 9.53 19.69 50 9.69 3.14 9.35 15.15 -0.92 0.36
Natural log of Mn 55 2.27 0.34 2.25 1.61 50 2.22 0.33 2.23 1.62 -0.84 0.40
Blood Cd (μg/L) 55 0.56 0.50 0.32 2.22 50 0.51 0.43 0.38 1.80 -0.55 0.58
Blood Hg (μg/L) 55 1.38 1.43 0.83 6.62 50 0.74 0.69 0.53 2.82 -2.96 0.004
Blood Pb (μg/dL) 55 1.32 0.67 1.11 2.9 50 1.28 0.71 1.16 3.68 -0.36 0.72
Serum ferritin (ng/mL) 55 85.17 107.53 62.50 626.80 50 91.65 72.72 64.45 319.51 0.36 0.72

55 4.08 0.785 4.14 3.96 50 4.22 0.81 4.17 3.55 0.90 0.37
Hazard Quotient 55 3.66 2.75 3.10 18.40
CEI 55 6.95 4.93 6.27 31.56

* Marietta Females had significantly higher Hg levels than Mt Vernon females (t-test)
* Italics  = equal variances not assumed

Table 3. Demographics and biomarkers gender comparison between towns (Females)

t-tests

Natural log of ferritin

FEMALES
Mt VernonMarietta
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Symptom Category (Dichotomous) Mt. Vernon Marietta Chi-Square p

neurological 38% 48% 1.84 0.18
musculoskeletal 51% 56% 0.37 0.54
tremor 7% 14% 2.71 0.10
rigidity 2% 8% 3.17 0.08
bradykinesia 22% 26% 0.37 0.54
postural instability 10% 15% 1.07 0.30
other UPDRS Sx 2% 2% 0.01 0.92
UPDRS ADL 20% 22% 0.14 0.71
UPDRS Sx total 37% 43% 0.90 0.34
other motor 19% 34% 5.72 0.02
memory concentration 100% 100% * *
anxiety 29% 48% 7.28 0.01
depression 26% 36% 2.41 0.12
visual 12% 23% 3.75 0.05
sensory 13% 20% 1.50 0.22
dermatological 9% 10% 0.07 0.79
gastrointestinal 18% 19% 0.05 0.83
respiratory 39% 45% 0.62 0.43
sexual 17% 16% 0.01 0.93
other Sx 17% 27% 2.94 0.09
sleep 74% 67% .96 0.33
headache chemicals 100% 100% * *

Table 4.  Symptom categories by town (χ2)
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n Mean SD n Mean SD t p effect size†† F p z p

NAB Memory Index Score 90 100.21 14.65 100 100.81 15.84 -0.27 0.79 -0.15 -

NAB Story Learning Phrase Unit Immed. T Score 90 45.98 9.66 100 45.33 12.41 0.40 0.69 0.20 -

NAB Story Learning Phrase Unit Delayed T Score 90 48.68 9.14 100 47.11 10.30 1.11 0.27 0.51 -

NAB Shape Learning Immediate Recognition: T score 90 53.46 8.56 100 53.89 8.61 -0.35 0.73 -0.15 -

NAB Shape Learning Delayed Recognition: T score 90 52.17 10.02 100 52.26 8.57 -0.07 0.95 -0.03 - -0.223 0.816

NAB DLM immed 90 53.33 9.55 100 54.92 11.05 -1.05 0.29 -0.50 -

NAB DLM delay 90 51.38 10.66 100 51.20 9.83 0.12 0.91 0.06 -

Trails A T score 90 47.14 11.04 100 48.08 9.34 -0.63 0.53 -0.30 -

Trails B T Score 90 51.14 11.15 100 52.62 10.70 -0.93 0.35 -0.45 -

Stroop Word T Score 90 46.98 8.96 100 46.67 7.38 0.26 0.80 0.11 0.02 0.88

Stroop Color T Score 90 45.31 10.26 100 43.75 7.87 1.17 0.25 0.52 1.20 0.28

Stroop Color/Word T Score 90 49.81 10.37 100 48.32 10.03 1.01 0.32 0.47 0.59 0.44

Animal Naming Standard Score 90 113.42 17.30 100 110.01 17.17 1.36 0.18 0.83 -

Auditory Consonant Trigrams 3" z score 90 0.07 1.12 100 -0.17 1.08 1.51 0.13 0.23 1.38 0.24

Auditory Consonant Trigrams 9" z score 90 -0.34 1.24 100 -0.52 1.27 0.98 0.33 0.16 0.32 0.57

Auditory Consonant Trigrams 18" z score 90 -0.19 1.10 100 -0.34 1.08 0.94 0.35 0.14 0.20 0.66

Auditory Consonant Trigrams Mean of 3, 9, 18 z scores 90 -0.15 0.96 100 -0.34 0.95 1.36 0.17 0.19 0.79 0.37

Rey-Osterrieth Copy Raw Score 89 29.16 4.78 100 29.92 4.87 -1.08 0.28 -0.35 1.99 0.16 -0.18 0.857

Rey-Osterrieth Immediate Recall  T Score 89 43.01 14.24 100 42.60 13.47 0.20 0.84 0.11 0.08 0.77 -0.66 0.509

Rey-Osterrieth Delayed Recall T Score 89 43.10 14.08 100 41.48 12.71 0.83 0.41 0.45 0.12 0.73

WAIS III Digit Symbol Coding Scaled Score 90 11.14 3.20 100 10.98 3.28 0.35 0.73 0.09 0.01 0.94

WAIS III Similarities Scaled Score 90 11.20 2.66 100 10.80 3.05 0.96 0.34 0.24 0.01 0.92

WAIS III Digit Span Total Scaled Score 90 10.59 3.02 100 10.61 2.77 -0.05 0.96 -0.01 0.33 0.57
TABLE SUMMARY
There are no significant differences between the towns on  neuropsychological tests

Marietta 

Table 6. Neuropsychological tests by Town

Mt. Vernon Mann Whitney test
ANCOVAs controlling 

for education levelt-tests
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Foods Mean Servings Mean Mn Mean Fe Mean Servings Mean Mn Mean Fe

Beef and Poultry 5.72 (4.42) 0.07 (.06) 9.62 (8.27) 6.11 (4.304) 0.08 (.061) 9.49 (6.79)

Seafood 0.87 (1.33) 0.07 (.14) 1.03 (1.98) 0.95 (1.21) 0.05 (.14) 0.97 (1.48)

Vegetables 3.94 (2.43) 1.50 (1.26) 9.88 (6.22) 4.5 (2.94) 1.76 (1.43) 10.88 (7.58)

Fruits 1.49 (2.91) 0.61 (1.03) 0.95 (1.93) 2.23 (4.13) 0.94 (1.43) 1.43 (2.78)

Soy Products 0.15 (.73) 0.11 (.45) 0.47(1.87) 0.18 (.62) 0.18 (.68) 1.00 (4.03)

Grains 5.16 (6.25) 10.26 (13.04) 19.75 (26.60) 5.44 (5.46) 10.42 (11) 19.24 (22.41)

Nuts, Seeds and Legumes 4.40 (5.36) 2.96 (3.78) 5.58 (9.38) 5.52 (5.69) 3.69 (3.71) 6.61 (6.82)

Beverages 8.07 (12.75) 3.14 (4.99) 0.72 (1.18) 7.95 (11.26) 3.06 (4.35) 1.09 (1.63)

TOTAL 29.22 (19.37) 18.20 (15.68) 45.06 (31.40) 32.81 (18.96) 19.69 (14.73) 47.25 (30.08)

* Independent sample t-test did not find any differences between the exposed town and the control town.

Table 7. Diet Mn and Fe by town
Marietta Mt Vernon
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Figures: 
 

Figure 1 
Recruitment letters and calls - Marietta 
 

 
 
 
 

 
  

Total Tested: 

100
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Figure 2 
Recruitment letters and calls – Mount Vernon 
 

 
 
* 1 person excluded post-testing due to insufficient years of residency 
  

Total Tested: 

91*
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Figure 3 
SCL-90-R T scores by town 
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Appendix A 
 

Methodological aspects of an epidemiologic study of adults living near a Mn point 
source* 
Rosemarie M. Bowler1, Y. Kim2, L. Ngo³, and H.A Roels4 
1San Francisco State University, San Francisco, CA, 2Ulsan University Hospital, Ulsan, 
S Korea, ³Harvard Medical School, Boston, MA, 4Université catholique de Louvain, 
Brussels, Belgium 

Background: Exposure to high levels of Mn in occupational studies showed 
health effects similar to Parkinson’s Disease, with neurological and neuropsychological 
sequelae. Few adult residential studies of Mn exposure report air dispersion modeling, 
biomarkers, neurological and neuropsychological test results.  

Methods: This multidisciplinary epidemiologic study used a recruitment strategy 
utilizing property tax and water records for random selection of 200 residents out of 
~3939 in both a Mn-exposed and control town. Standardized tests of attention, 
immediate and delayed memory, cognitive flexibility, emotional function, and the UPDRS 
ADL and motor scales were studied with regard to biomarkers, Mn in air, scales of 
symptoms and illnesses, and dietary intake of Mn and Fe.  

Results: Preliminary results show a positive relationship between the 
neurological UPDRS motor and the neuropsychological tests of Fingertapping, Grooved 
Pegboard, Dynamometer and parallel lines tremor test.  

Conclusion: Neurological and neuropsychological methods correlate 
significantly, suggesting that several of the functional tests can be used interchangeably.  
Environmental Mn exposures are significantly lower than occupational exposures –likely 
posing a lower risk for clinical illness than occupationally inhaled Mn. 

*Submitted to the 26th International Neurotoxicology Conference, Portland, 
Oregon June 6-10, 2010, This study was funded by the U.S. EPA under Co-op. 
Agreement P8341600 



 

17 
 

Appendix B 
 

RELATIONSHIPS BETWEEN MOOD AND NEUROPSYCHOLOGICAL PERFORMANCE IN 
ADULTS WITH ENVIRONMENTAL EXPOSURE TO MANGANESE 

Harris, M1.; Bowler, R2. 
1Alliant International University, San Francisco, CA  2San Francisco State University 

 
Background: Manganese (Mn) classified as a neurotoxin affecting brain function 

(ATSDR, 2000), which can include motor disturbances similar to those found in Parkinson’s 
Disease (Roels et al., 1992), neuro-cognitive effects (Mergler et al., 1994), and mood 
disturbance (Bowler et al., 2007). Cognitive functioning and motor performance can also be 
adversely affected by emotional disturbance, particularly anxiety and depression (Lezak, 2004). 
Methods: Adult participants (N=100) were randomly selected from Marietta, OH, which houses 
the largest Mn-producing plant in the US (EPA, 2004). Participants completed the Symptom 
Checklist 90-Revised and a battery of neuropsychological tests. Principal components analysis 
derived seven factors: Recall Memory, Working Memory, Information Processing/Speed, Trail 
Making, Grip Strength, Motor Speed, and Complex Motor Dexterity. Results: Adjusting for age, 
gender, and education, Depression was negatively related to Trail Making (β= -.218, p=0.030), 
Working Memory (β = -.197, p = .035), Information Processing/Speed (β= -.260, p=0.008), 
Motor Speed (β= -.249, p=0.019), and Complex Motor Dexterity (β = -.216, p = .039), while 
Anxiety was negatively related to Trail Making (β = -.310, p = .002), Information 
Processing/Speed (β= -.274, p=0.006), Motor Speed (β= -.288, p=0.007) and Complex Motor 
Dexterity (β= -.224, p= 0.034). Neither mood variable was related to Recall Memory or Grip 
Strength. Living proximity to the Mn-producing plant was negatively related to Information 
Processing/Speed and Trail Making, and positively related to Anxiety.  Interaction effects 
between plant proximity and mood were found for Trail Making. Conclusion: Mood has a 
moderate negative impact on neuropsychological functioning in several domains, especially 
cognitive flexibility, motor speed, and information processing speed. This relationship may be 
stronger with higher exposure to Mn, and should be considered when examining the 
neuropsychological effects of exposure to neurotoxins.  
Acknowledgement: This study was funded by the U.S. EPA under Co-op. Agreement 
P8341600 
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Appendix C 
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Appendix D 
 

 
 



 

28 
 

 



 

29 
 

 
 



 

30 
 

 
 



 

31 
 

 
 



 

32 
 

 
 



 

33 
 

 
 



 

34 
 

 



 

35 
 

 



 

36 
 

 



 

37 
 

 



 

38 
 

 



 

39 
 

 



 

40 
 

 



 

41 
 

 



 

42 
 

 



 

43 
 

Appendix E 
 
 
 
Manganese Exposure in Adults: An Epidemiologic Study of Symptoms, Mood Effects, 
Motor and Neurological Function 
 
Rosemarie M. Bowler, Ph.D., M.P.H. 
 
Abstract 
 
Background: Manganese (Mn) is a neurotoxin associated with mood, medical symptoms, 
motor and neurological effects. Reports of adverse health effects from occupational exposure to 
Mn are common but environmental reports of airborne Mn effects are sparse. 
 
Methods: A random sample of 100 adult Mn exposed residents was studied with a neurological 
examination, motor function and mood tests, and a comprehensive health questionnaire. 
Results are compared with 90 randomly selected residents from a demographically similar 
control town. Mn in blood and air were measured.  
 
Results: Exposed residents reported significantly more sensory, Parkinsonism, and emotional 
symptoms, and had higher SCL-90-R Phobic Anxiety scores. The Cumulative Exposure Index, 
based on modeled Mn/air and length of residence, was related to 6 of 9 SCL-90-R clinical 
scales and 2 of 3 global scales. No differences in Mn in blood between the towns were 
observed.  Anxiety and Phobic Anxiety scores were significant predictors of symptoms, 
diagnosis of Anxiety Disorder and use of anti-anxiety medications in the whole sample and 
motor and neurological dysfunction (UPDRS bradykinesia and ADL) in exposed residents only. 
 
Conclusion: Symptoms and measured anxiety and phobic anxiety seem to be the cardinal 
signs and results in this study. Strong relationships between exposure, symptoms, and mood 
disturbance add validity to an association with Mn exposure and highlight the importance of 
measuring Anxiety, Phobic Anxiety and symptoms in relationship to function. The methods of 
this first epidemiologic study of Mn exposure of adults in the U.S. should be applied to 
communities with higher levels of Mn exposure.  
 
Submitted to the International Neuropsychological Society Meeting, Boston, MA 2011 
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Appendix F 
 

Manganese Exposure and Components of Executive Function in Environmentally-
Exposed Adults 

Harris, M1.; Bowler, R2. 
1Alliant International University  2San Francisco State University 

 
Background: Manganese (Mn) is a neurotoxin, which in addition to well-documented motor 
effects, is related to a wide variety of cognitive effects. The effects of Mn exposure on 
components of executive functioning are not well-studied, particularly with environmental Mn 
exposure.  
Methods: One-hundred adult participants were randomly selected from Marietta, OH, which 
houses the largest Mn-producing plant in the US. Participants completed a battery of 
neuropsychological tests. Confirmatory factor analysis of tests supported three factors 
representing components of executive functioning: Attention/Mental Tracking (ACT, NAB List 
Learning – Semantic Clustering, and WAIS-III Digits Backwards), Cognitive Flexibility (Trails B-
A, Stroop Interference, and Animal Naming), and Planning/Organizing (ROCFT Immediate and 
Delayed Recall). Air-modeling analyses calculated an estimated level of airborne Mn exposure 
(Mn/Air) for each participant. 
Results: Structural Equation Modeling (SEM) showed strong overall fit (X2

35 = 45.071, p = .118; 
CFI = .968; RMSEA = .044) for a model with Mn/Air significantly predicting Planning/Organizing 
(p = .01) and Cognitive Flexibility to a lesser degree (p = .05), but not Attention/Mental Tracking 
(p =. 81), with age and education levels accounted for. Error terms for Mental Tracking/Attention 
and Cognitive Flexibility showed significant covariance with each other (p = .01).  
Conclusion: Results indicate that despite low levels of exposure, higher Mn exposure affects 
planning/organizing and cognitive flexibility, but not mental tracking/attention. This suggests a 
hierarchy of effect, where Mn has a greater effect on the complex planning/organizing 
component of executive function, but a smaller effect on attentional/mental tracking processes. 
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Appendix G 
 

Relationship of airborne manganese exposure to biomarkers of blood and serum 
controlled for Ferritin with neurological and neuropsychological test results in adults* 

 
Rosemarie M. Bowler, San Francisco State University  

 
  
An extensive neuropsychological battery was applied in 2 communities to evaluate the effect of 
Mn exposure from the only operating Mn alloy production plant in the U.S. Study participants (n 
= 191),  30-75 years of age, were recruited at random, with approximately equal proportions of 
women and men in the exposed and control towns. Blood analyses were carried out by the CDC 
Laboratory for Mn, Cd, Pb and Hg. Serum was analyzed for   ferritin, a potential confounder 
competing for the transport of Mn in the brain.  Modeled air concentrations were computed in a 
hazard index  (HI) and a cumulative exposure index (CEI) using air Mn, duration of exposure 
and distance from the source.  The test results were compared to Mn in blood and serum, 
controlled for ferritin.  In hierarchical regressions, the log transformed CEI was a significant 
predictor for category fluency, digit symbol and the HI was related to visuospatial learning, 
category fluency and executive function. CEI and HI significantly predicted Generalized Anxiety. 
  
 

Submitted to the International Neurotoxicology Association (INA) Meeting in Xian,China – June 
2011. Funding by the U.S. EPA, under Co-operative Agreement No 83416001. 
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Appendix H 
 
Harris, M. (2011) Manganese Neurotoxicity: Relationships Between Exposure, Executive 
Function, and Mood Among Environmentally-Exposed Adults. Dissertation Abstracts 
International 
 

Manganese (Mn) is a neurotoxin, which in addition to well-documented motor effects, is 
related to a wide variety of cognitive and mood effects.  The relationship between Mn exposure, 
mood, and components of executive function has not been explicated in depth in previous 
studies, particularly with environmental Mn exposure.   

One-hundred adult participants were randomly selected from Marietta, OH, which 
houses the largest Mn-producing plant in the US.  Participants completed a battery of tests on 
neuropsychological and mood functioning.  A cumulative exposure index (CEI) was created 
using air-modeling analyses to calculate an estimated level of airborne Mn exposure for each 
participant. 

Structural Equation Modeling (SEM) showed strong overall fit for a model with mood (as 
measured by SCL-90R Anxiety and Depression subscales) mediating the effect of CEI on 
components of executive functioning (Working Memory, as measured by WAIS-III Digits 
Backward and Auditory Consonant Trigrams, and Cognitive Flexibility / Response Inhibition, as 
measured by Trails B / A, Stroop interference scores, and Animal Naming), accounting for 
education.  Residuals for Working Memory and Cognitive Flexibility / Response Inhibition 
showed significant covariance with one other.   

This is the first study to focus on the relationship between Mn, mood, and executive 
functions in cases of environmental exposure to Mn.  Results indicate that despite low levels of 
exposure, greater Mn exposure effects mood functioning, which in turn affects the Working 
Memory and Cognitive Flexibility / Response Inhibition components of executive functioning.   
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Appendix I 
 
Int J Hyg Environ Health. 2011 Nov 21. [Epub ahead of print] 
Anxiety affecting parkinsonian outcome and motor efficiency in adults of 
an Ohiocommunity with environmental airborne manganese exposure. 
Bowler RM, Harris M, Gocheva V, Wilson K, Kim Y, Davis SI, Bollweg G, Lobdell DT, Ngo 
L, Roels HA. 
 
Abstract 
Manganese (Mn) is a nutrient and neurotoxicant sometimes associated with mood, motor and 
neurological effects. Reports of health effects from occupational exposure to Mn are well known, 
but the reported links to environmental airborne Mn (Mn-Air) are less conclusive. Marietta, OH 
(USA) is a previously identified community with elevated Mn-Air from industrial emissions. 
Households were randomly selected in Marietta and the comparison town (Mount Vernon, OH). 
The responders were used to recruit on a voluntary basis 30- to 75-year-old residents, i.e. 100 
in Marietta and 90 in Mount Vernon. They were administered the Unified Parkinson's Disease 
Rating Scale (UPDRS), motor efficiency, and mood tests, along with a comprehensive 
questionnaire including demographics, health and work history. Blood Mn (MnB), serum ferritin, 
and hepatic enzymes were measured. Results were compared with those of 90 residents from a 
demographically similar comparison town, Mount Vernon, OH, where Mn-Air from industrial 
emissions was not of concern. Mn-Air exposure indices were modeled for Marietta residents. 
The Mn-exposed participants resided on average 4.75 miles (range 1-11) from the Mn point 
source. Their modeled residential Mn-Air estimate ranged from 0.04 to 0.96μg/m(3) and was on 
average 0.18μg/m(3). The group means of MnB were similar for the Mn-exposed (9.65μg/L) and 
comparison (9.48μg/L) participants. The Marietta group reported more generalized anxiety on 
the Symptom Checklist-90-Revised (SCL-90-R) than the comparison group (p=0.035). 
Generalized anxiety in Marietta was related to a cumulative exposure index (p=0.002), based on 
modeled Mn-Air concentration and length of residence. Higher generalized anxiety scores were 
related to poorer performance on UPDRS tests [adjusted relative risk (95%CI): 2.18 (1.46-3.25) 
for motor-related activities of daily living, 3.44 (1.48-7.98) for bradykinesia, and 1.63 (1.06-2.53) 
for motor/movement]. Group differences in SCL-90-R generalized anxiety between the two 
towns and the observed relationship between exposure indices and generalized anxietysuggest 
an association between environmental Mn exposure and anxiety states. Whether this 
association is due to direct neurotoxic effects of Mn-Air or concern about the health effects of air 
pollution remains an open question. The results highlight the importance of measuring anxiety in 
relation to neuropsychological and neurological endpoints, and should be validated in other 
studies of Mn-exposed communities. 
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Appendix J 
 
Neurotoxicology. 2011 Oct;32(5):606-14. Epub 2011 Aug 4. 
Motor function in adults of an Ohio community with environmental manganese exposure 
Kim Y, Bowler RM, Abdelouahab N, Harris M, Gocheva V, Roels HA. 
 
OBJECTIVES: 
The objective of the present study was to evaluate motor function in order to assess the effects 
of long-term, low-level environmental manganese (Mn) exposure in residents of 
an Ohio community where a large ferro- and silico-Mn smelter has been active for more than 50 
years. 
METHODS: 
One hundred residents from the Mn-exposed Ohio community were evaluated using the Unified 
Parkinson's Disease Rating Scale (UPDRS), a postural sway test, and a comprehensive 
questionnaire exploring demographics and general health. The results were compared to those 
of 90 residents from a demographically similar comparison town in Ohio. Mn exposure was 
assessed using modeled airborne Mn and blood Mn (Mn-B). The UPDRS was employed to 
evaluate parkinsonian motor features. Postural sway was measured using a CATSYS 2000 
(Danish Product Development). 
RESULTS: 
No significant difference between the exposed and comparison groups was evident as to Mn-B, 
demographics or major health outcomes. The risk of abnormal UPDRS performance using 
"Motor and Bradykinesia" criteria was increased in the Mn-exposed group after adjustment for 
potential confounders such as the presence of other neurotoxic metals, factors affecting 
susceptibility to Mn, potential factors influencing motor performance, and other possible 
demographic confounders. No participant was diagnosed with clinical manganism by 
neurological examination. After adjustment for various potential confounders, the Mn-exposed 
group showed significantly higher postural sway scores under eyes-open conditions than the 
comparison group. 
CONCLUSIONS: 
Subclinical findings on the UPDRS and postural sway in the Mn-exposed group may possibly 
reflect early subtle effects of chronic low-level Mn exposure. However, the cross-sectional study 
design, the small to medium effect sizes, and the little biological plausibility are limiting the 
possibility of a causal relationship between the environmental Mn-air exposure and the early 
subclinical neurotoxic effects observed.  
 


